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We theoretically study a spin-orbit-coupled nanowire proximitized by a superconductor in the
presence of an externally applied Zeeman field (“Majorana nanowire”) with zero-energy Majorana
bound states localized at the two ends of the wire when the Zeeman spin splitting is large enough
for the system to enter the topological phase. The specific physics of interest in the current work is
the effect of having several tunnel probes attached to the wire along its length. Such tunnel probes
should allow, as a matter of principle, one to observe both the predicted bulk superconducting
gap closing and opening associated with the topological quantum phase transition as well as the
Majorana bound states at the wire ends showing up as zero-bias conductance peaks, depending on
which probes are used for the tunneling spectroscopy measurement. Because of the possible invasive
nature of the tunnel probes, producing local potential fluctuations in the nanowire, we find the
physical situation to be quite complex. In particular, depending on the details of the tunnel barrier
operational at the probes, the Majorana nanowire could manifest additional low-energy Andreev
bound states which will manifest their own almost-zero-bias peaks, complicating the interpretation
of the tunneling data in multiprobe Majorana nanowires. We use two complementary microscopic
models to simulate the probes, finding that the tunneling conductance spectrum depends rather
sensitively on the details of the tunnel barriers at the probes, but in some situations it should be
possible to observe the Majorana bound-state-induced zero-bias conductance peak at the wire ends
along with the gap closing and opening features associated with the bulk topological quantum phase
transition in the multiprobe Majorana nanowires. Our detailed numerical results indicate that such
a system should also be capable of directly manifesting the nonlocal conductance correlations arising
from Majorana bound states at the two ends of the nanowire. We apply our general analysis to
simulate a recent multiprobe nanowire experiment commenting on the nature of the quasiparticle
gaps likely controlling the experimental observations.
I. INTRODUCTION
Majorana zero modes (MZMs) localized at the ends
of one-dimensional (1D) topological superconductors
have become the object of a fervent experimental re-
search1–12 following the concrete prescription for the real-
ization of a topological superconducting phase using spin-
orbit-coupled semiconductor (SM) nanowires proximity-
coupled to s-wave superconductors (SCs) in the presence
of an external magnetic field13–16. Increasing the mag-
netic field drives the hybrid system through a topologi-
cal quantum phase transition (TQPT), from a trivial to
a topological SC phase, with the bulk quasiparticle gap
vanishing at the TQPT and reopening as a topological
gap that hosts a pair of midgap MZMs localized at the op-
posite ends of the system13–16. The primary method for
detecting the presence of MZMs is measuring the charge
tunneling current into the edge of the 1D superconductor,
which is predicted to result in a zero-bias conductance
peak (ZBCP) with a quantized height (2e2/h) at low
temperature17–20. Nonquantized ZBCPs have been ob-
served in many InAs- and InSb-based hybrid systems21–29
over the past few years. More recently, the observation
of a quantized ZBCP has also been reported30. Unfor-
tunately, however, the observation of a ZBCP, just by
itself, is not a decisive hallmark of the topologically pro-
tected MZM. It has been shown theoretically that low-
energy Andreev bound states (ABSs) mimicking the phe-
nomenology of MZMs can emerge in the trivial SC phase
(i.e., before the TQPT) in the presence of inhomogeneous
effective potentials31–34 or in systems with quantum dots
attached to the end of the 1D superconductor20,35,36. In
turn, the presence of these low-energy ABSs may gen-
erate robust ZBCPs20,31,34,35,37,38 and even quantized
ZBCPs36,39 that are indistinguishable from Majorana-
induced ZBCPs. In fact, these almost-zero-energy ABSs
in Majorana nanowires can be thought of as “quasi-
MZMs”, since they are nothing but multiple (at least,
two) even-numbered MZMs spatially located not very far
from each other. By contrast, the real MZMs above the
TQPT are located at the wire ends spatially far separated
from each other.
The most straightforward generalization of the stan-
dard end-of-wire tunneling measurement that can shed
light on the nature of the quasiparticles responsible for
the observed ZBCPs involves a multiprobe tunneling ex-
periment that provides simultaneous tunneling measure-
ments at different locations along the wire. One pro-
posal suggests performing two tunneling measurements
at the ends of the wire40: the presence of MZMs is sig-
naled by (nonlocal) correlations of the observed features
(e.g., finite-size-induced energy splittings and fields asso-
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2ciated with the emergence of ZBCPs), while the absence
of such correlations would suggest trivial ABS-induced
ZBCPs. Another possibility is to perform simultaneous
end-of-wire and bulk measurements41: the emergence at
the end of the wire of a Majorana-induced ZBCP above
a certain critical field corresponding to the TQPT should
be accompanied by the opening of a bulk topological gap,
while the emergence of the ZBCP before the closing and
reopening of the bulk gap signals its ABS origin.
Recently, the experimental observation of a concomi-
tant opening of a bulk gap with an end-of-wire ZBCP has
been reported in Ref. [42] by Grivnin et al. While this
observation is consistent with a Majorana-induced ZBCP
(and at some level, with the predictions of Ref. [41]),
some important questions still remain, first and foremost
regarding the nature of the low-energy state responsible
for the gap closing and reopening measured by the bulk
probe. As demonstrated in Ref. [43], attaching a contact
to the bulk of a hybrid system may result in a local per-
turbation that induces a low-energy ABS localized near
the contact region. Consequently, rather than measuring
the lowest energy bulk state which is responsible for the
reopening of the topological gap above the TQPT, the
bulk contact probes a contact-induced low-energy ABS
that, unlike the delocalized bulk states, is strongly cou-
pled to the lead (due to its localized nature). The details
obviously depend on the nature of the probes, but one
has little experimental control over such probes, and fab-
ricating probes which are robust enough to measure the
tunneling current but at the same time delicate enough
not to be invasive is a tall order.
In this work we investigate the multiprobe Majorana
hybrid structure in light of the recent interesting exper-
imental results42, focusing on a specific question: Is the
opening of a gap (measured by the bulk probe) concomi-
tant with the emergence of a ZBCP (at the end of the
wire) the decisive hallmark of a topological SC phase
(and its associated MZMs)? To address this question,
we study numerically two different (but related) tight-
binding models. The first approach assumes the forma-
tion of a Schottky barrier44 at the junction between the
normal leads and the proximitized SM nanowire, which
is modeled as a weak link, in addition to a finite elec-
trostatic barrier. Note that this approach is similar in
spirit to the treatment of SM-SM and SM-SC junctions
in Ref. [45]. The second approach takes into account
the fact that the presence of a metallic lead may pro-
duce a stronger (or, more generally, a different) screen-
ing in the contact region. We incorporate this effect as a
position-dependent electrostatic potential that takes dif-
ferent values in the contact and contact-free regions. We
emphasize that the detailed nature of the tunnel probe
along the nanowire in Ref. [42] is unknown, and hence
our two models are two complementary minimal physi-
cal descriptions of the system. The real system is likely
to be much more complex, but there is not enough infor-
mation to simulate the precise real system, and in any
case, the reality is most likely a combination of our two
minimal models in some complicated manner.
To investigate the low-energy local properties at dif-
ferent locations along the wire in the presence of the
contact-induced perturbations, we calculate the local
density of states (LDOS) in the contact regions (us-
ing a Green’s function formalism) as well as the charge
tunneling conductance associated with each lead (using
standard scattering matrix formalism). We find that,
within a significant range of parameters, the lowest-
energy Bogoliubov-de Gennes (BdG) state in the topo-
logical regime is a Majorana mode, while the second-
lowest-energy excitation is an Andreev bound state lo-
calized near the bulk probe, rather that a genuine bulk
state. Nonetheless, in the weak-perturbation regime, the
contact-induced ABS crosses zero energy close to the
TQPT, producing a feature in the tunneling conductance
that mimics the closing and reopening of the bulk quasi-
particle gap at the TQPT. If the setup contains multiple
bulk probes, the measured “bulk” gaps are likely to be
different, as the corresponding probe-induced ABSs are
sensitive to the local conditions, which may be slightly
different for different contacts. This is in contrast with
the behavior of a true topological bulk gap, which must
have the same value throughout the entire system. Refer-
ence [42] reports different values of the quasiparticle gaps
measured by different bulk probes, suggesting a most
likely probe-induced ABS nature of these features. Fur-
thermore, we find that for certain values of the chemical
potential the probe-induced ABS may “stick” to zero en-
ergy over a certain range of Zeeman fields before reacquir-
ing a finite gap. This type of behavior generates ZBCP-
like features in the bulk, an element that is also present
in the recent experiment42. Note that, in a finite system,
the bulk quasiparticle gap never closes completely, but
has a minimum at some “critical” value of the applied
field, which is inconsistent with the emergence of ZBCP-
like features. Based on our numerical results, we conclude
that the “bulk” features observed in the recent experi-
ment are likely generated by contact-induced ABSs that
approach zero energy in the vicinity of the TQPT and
become gapped at larger magnetic fields. These “bulk”
features approach the edge of the true topological (bulk)
gap in the limit of weakly invasive probes. We provide
concrete suggestions on how to achieve this regime in
multiprobe Majorana nanowires.
The rest of this paper is organized as follows: In Sec.
II, we consider a minimal model of the multiprobe hybrid
structure and study it numerically, focusing on the local
density of states and the tunneling conductance. A more
detailed model that incorporates the possible perturba-
tion of the effective electrostatic potential by the probes
is considered in Sec. III. Our results are summarized in
Sec. IV, together with a specific proposal for improving
the experimental setup in light of these results.
3Figure 1. (Color online) Schematic diagram for a device con-
sisting of a superconductor-semiconductor nanowire, four nor-
mal metal leads, and four potential barriers. As parts of the
system, the potential barriers in a length Lb are uncovered
by superconductor and subject to a square potential Vb. The
tunneling conductance G(x) for position x = 0, L/3, 2L/3, L
is obtained by applying a voltage bias V to the lead at x and
measuring the tunneling current through the nanowire.
II. CONTACT BARRIER MODEL
We start by considering a microscopic model for a
Rashba semiconductor nanowire in proximity to an s-
wave superconductor and in contact with four leads
(shown in Fig. 1). At the interface between the nanowire
and any one of the four leads, there is always a potential
barrier, no matter whether the leads are actively tunnel-
ing to the wire or not. The four potential barriers are
localized along the nanowire in x direction, i.e., two of
the barriers are at the wire end (x = 0, L) and the other
two are in the bulk of the wire (x = L/3, 2L/3). This
set up is a qualitative minimal model for the multiprobe
nanowire of Ref. [42].
To describe the coupling terms in a convenient way, we
write down the Hamiltonian in a discretized tight-binding
form. The total Hamiltonian has three terms,
H = HNW +HNW−barr +Hbarr, (1)
where HNW and Hbarr are the Hamiltonians of the Ma-
jorana nanowire and of the barriers, respectively, and
HNW−barr describes the coupling between the nanowire
and the barriers, i.e., the link.
The generic noninteracting low-energy effective Hamil-
tonian for the nanowire is13–15
HNW =
∑
j∈LNW
[
− tc†j+δxcj + (−µ+ 2t)c
†
jcj (2)
+ iα(c†j+δx σˆycj −H.c.) + VZc
†
j σˆxcj + Σ(ω, VZ)c
†
jcj
]
,
where c†i = (c
†
i↑, c
†
i↓) are spinors, with c
†
iσ being the elec-
tron creation operator for spin σ. Here, the summation
is over the sites in the nanowire LNW . σµ (τµ) are Pauli
matrices in spin (particle-hole) space, δx gives the near-
est neighbors along x-direction, and µ is the chemical po-
tential. The hopping amplitude and spin-orbit coupling
(SOC) are given as t = 12m∗a2 and α =
αR
2a by the effec-
tive mass m∗ and Rashba SOC strength αR with a lattice
constant a. The Zeeman spin splitting energy VZ has a
relation with magnetic field B as VZ = g
∗µBV , with g∗
being Lande´ g factor and µB the Bohr magneton.
The proximity SC effect40,46,47 is captured by a self-
energy term at energy ω as
Σ(ω, VZ) = −λωτ0 + ∆(VZ)τx√
∆(VZ)2 − ω2
, (3)
where λ is the effective coupling at the superconductor-
semiconductor interface. At low energy, the self-energy
term can be approximated by −λτx. Accordingly, the
critical Zeeman field for the topological quantum phase
transition between trivial and topological superconduct-
ing phases can be described by VZc =
√
µ2 + λ2.
As a common experimental scenario29,48, the bulk SC
gap is chosen to be a VZ-dependent form as
∆(VZ) = ∆0
√
1− (VZ/V ∗Z )2, (4)
with the bulk gap being suppressed by increasing Zeeman
field up to V ∗Z . The induced gap of the system can be
described by ∆ind = λ∆(VZ)/[λ+ ∆(VZ)].
In this model, the coupling strength between the
nanowire and the leads is determined by two factors. The
first is the height of the barrier in Hbarr [Eq. (5)], and
the second is the coupling strength of the weak link in
HNW−barr [Eq. (6)].
The barrier by definition is subjected to a finite electro-
static potential and without induced SC, thus the barrier
Hamiltonian is
Hbarr =
∑
j∈Lbarr
[
− tbc†j+δxcj + (−µ+ 2tb + Vb)c
†
jcj (5)
+ iα(c†j+δx σˆycj −H.c.) + VZc
†
j σˆxcj
]
,
with the summation over the sites in the four barriers
Lbarr. Here, the hopping amplitude of the barriers tb is
smaller than the nanowire hopping t, since the probe is
a normal metal in the experiment.
The coupling Hamiltonian between the nanowire and
the four barriers is
HNW−barr =
∑
j∈PNW
∑
j′∈Pbarr
[
−t′c†jcj′+iα′(c†j σˆycj′−H.c.)
]
,
(6)
where PNW and Pbarr are the sites in the nanowire, and
the barriers near their interface, and t′ and α′ correspond
to hopping and spin-orbit coupling in the links between
the nanowire and the barriers, respectively. For weaker
link couplings t′ and α′, the tunnel barrier is higher45.
4The local density of states at energy ω at a different
position j of the nanowire can be calculated from Green’s
function G(ω) = [ω −H]−1 as
ρ(ω, j) = − 1
pi
Im Tr[G(ω + iη, j, j)], (7)
with η → 0+. Here, Im ... represents the imaginary part
and Tr[...] represents the trace over spin and particle-hole
degrees of freedom. To increase the visibility of LDOS
in the numerical calculation, η should be chosen to be
higher.
In order to obtain the conductance, we attach a semi-
infinite long lead to the nanowire through one of the bar-
riers. The lead Hamiltonian is
Hlead =
∑
j
[
− tbc†j+δxcj + (−µlead + 2tb)c
†
jcj (8)
+ iα(c†j+δx σˆycj −H.c.) + VZc
†
j σˆxcj
]
,
with the chemical potential of the lead being µlead. Ap-
plying a voltage bias V and measuring the tunneling
current I, the tunneling differential conductance (G =
dI/dV ) can be expressed in terms of the elements of
the corresponding S matrix49. The numerical calcula-
tion of the S matrix is implemented by a Python pack-
age KWANT50. For conductance data smoothening, an
infinitesimal on-site imaginary term iΓ has been added
into the nanowire Hamiltonian [Eq. (2)], which will lead
to particle-hole asymmetry of the conductance at finite
energies45,51.
For the results presented in this section, we choose two
sets of parameter values (i.e., with finite and zero chem-
ical potential) for the tight-binding model. The results
are presented in Secs. II A and II B, respectively. Since
some of the applicable parameters for the Grivnin et al.
experimental system are empirically estimated42 (for ex-
ample, the induced gap is ∆ind ∼ [0.12, 0.15] meV, the
bulk gap closes at B ≈ 0.9 T, the bulk superconductivity
is destroyed at B ≈ 1.6 T, and the length of nanowire is
L ≈ 2.5 µm), we estimate the parameters and vary them
in a small range. Note that the parameters are spatially
uniform along the wire in spite of the coupling to the bar-
riers. All the results are obtained at zero temperature.
We include no disorder or chemical potential fluctuation
in the nanowire itself, unlike, e.g., Ref. [35], and hence the
nanowire has no quasi-MZM or zero-energy ABS without
the leads.
A. Finite chemical potential
In this section, we consider a finite chemical potential
case (µ = 0.15 meV). For a = 0.01 µm, the values of
hopping amplitude t and spin-orbit coupling α in the
nanowire are chosen to agree with the parameters claimed
in the experimental paper of Grivnin et al. 42 (m∗ =
0.023me and α = 0.5 meV). The parameters of SC are
chosen to be ∆0 = 0.2 meV and λ = 0.3 meV, which
give ∆ind = 0.12 meV. The parameters of the barriers
and their coupling to the nanowire are chosen to be Vb =
1 meV, tb = 10 meV, t
′ = 5 meV, and α′ = 0.25 meV.
The barrier parameters are, of course, unknown in the
experiment, and we are just making an educated and
reasonable guess here.
The calculated LDOS of the nanowire as a function of
Zeeman field and bias voltage at µ = 0.15 meV are shown
in the upper panels of Fig. 2. The four panels indicate
the distinct results at four different positions of the wire
where the four barriers are connected to the wire. Fig-
ure 2(a) shows the LDOS calculated at one end of the
wire (x = 0). When the Zeeman field increases and goes
through the TQPT point at VZc = 0.34 meV, the SC gap
completely closes and reopens. Above the TQPT point,
there is a clearly visible zero-energy peak. This zero-
energy peak is the well-known result arising from the Ma-
jorana bound state at the end of nanowire13–15. In con-
trast, as shown in Fig. 2(b), the LDOS in the bulk of the
wire (x = L/3) has a zero-energy peak much weaker than
that in the end-of-wire LDOS. We note that this small
zero-energy peak is above the TQPT point and thus it
could either arise from topological Majorana bound state
(MBS) or trivial Andreev bound state. One possibility is
the leakage of the MBS wave function localized at the two
ends of nanowire with long coherence length, while the
other is the leakage of ABS localized in the barriers. This
issue will be further discussed at the end of this section.
The LDOS on the right side of the wire at x = 2L/3,
which is plotted in Fig. 2(c), shows similar features as
those in Fig. 2(b), including the small zero-energy peak.
By contrast, at x = L, Fig. 2(d) shows the zero-energy
peak associated with the Majorana bound state in the
opposite end of the wire (x = L). This is easy to under-
stand since the system is mirror-symmetrical with respect
to the mirror plane at x = L/2.
Next, the corresponding tunneling conductances are
presented in the lower panels of Fig. 2. The four pan-
els show the conductance through one of the four leads
coupled to the barrier-nanowire hybrid structure, respec-
tively. As a general remark, we note that the conduc-
tance through a normal lead in the limit of point con-
tact tunneling qualitatively relates to the local density of
states at the same position, in agreement with the gen-
eral expectations52. The particle-hole asymmetry in the
bulk continuum of conductance results from the nonzero
dissipation Γ. Figure 2(e) shows a zero-bias conductance
peak with a value close to 0.008e2/h at the end of the wire
(x = 0). This ZBCP corresponds to the zero-energy peak
in Fig. 2(a) and thus characterizes the Majorana bound
state. The fact that the peak value is below the quantized
value 2e2/h is a result of the large dissipation relative to
the tunneling amplitude in the model. In the presence of
the large dissipation, the exact value of the zero-bias con-
ductance peak depends on details of the system such as
the height of the barriers and the hopping amplitude of
the weak links (and finite temperature, which we neglect
5Figure 2. (Color online) Local density of states (upper panels) and differential conductance (lower panels) as a function of
Zeeman field at positions x = 0, L/3, 2L/3, L from left to right along the nanowire attached to four barriers (shown in Fig. 1).
Most parameters are chosen to be consistent with the Grivnin et al. experiment42: L = 2.5 µm, Lb = 0.1 µm, µ = 0.15 meV,
∆0 = 0.2 meV, λ = 0.3 meV, V
∗
Z = 0.6 meV, Vb = 1 meV, η = 0.003 meV, Γ = 0.003 meV, a = 0.01 µm, t = 16.7 meV,
α = 0.5 meV, tb = 10 meV, t
′ = 5 meV, and α′ = 0.25 meV.
Figure 3. (Color online) Spatial profiles of LDOS of the
nanowire shown in Fig. 1 at VZ = 0.55 meV in the topo-
logical region (VZ > VZc = 0.34 meV). The imaginary term
is chosen to be η = 0.001 meV, and the other parameters are
the same as those of 2.
.
in our theory). Similar to the corresponding LDOS in
Fig. 2(b), the conductance Fig. 2(f) has a zero-bias con-
ductance peak with a low value about 0.04e2/h, which is
lower than the ZBCP in Fig. 2(e). Again, Figs. 2(g) and
2(f) [Figs. 2(h) and 2(e)] look identical.
Finally, to understand the origin of the small zero-
energy peak of LDOS above TQPT in the bulk of the
nanowire and the corresponding ZBCP in differential
conductance, we investigate the spatial distribution of
the LDOS at low energies in the whole wire. As shown
in Fig. 3, we present the low-energy LDOS at a fixed
Zeeman field above TQPT (VZ = 0.55 meV> VZc =
0.34 meV). To improve the visibility of the key features,
we use a smaller broadening η = 0.001 meV. At zero en-
ergy, we can see that there are two strong peaks near
the two ends of the nanowire (x = 0, L). Interestingly,
we note that there are zero-energy peaks at the positions
away from the two ends of the nanowire. The height of
these zero-energy peaks decay with increasing distance
6Figure 4. (Color online) Local density of states (upper panels) and the conductances (lower panels) as a function of Zeeman
field at positions x = 0, L/3, 2L/3, L from left to right along the nanowire attached to four barriers (shown in Fig. 1). The
parameters are chosen as the follows: L = 2.5 µm, Lb = 0.1 µm, µ = 0 meV, ∆0 = 0.22 meV, λ = 0.47 meV, V
∗
Z = 0.8 meV,
Vb = 1 meV, η = 0.003 meV, Γ = 0.003 meV, a = 0.01 µm, t = 9.6 meV, α = 0.25 meV, tb = 6 meV, t
′ = 3 meV, and
α′ = 0.125 meV.
Figure 5. (Color online) Spatial profiles of LDOS of the
nanowire at VZ = 0.55 meV in the topological region(VZ >
VZc = 0.47 meV). The imaginary term is chosen to be
η = 0.001 meV, and the other parameters are the same as
those of 4.
from the wire ends but is still comparable to the peaks at
high energies. This zero-energy oscillation pattern can be
explained by the presence of Majorana zero modes with
long coherence length in a short wire. These Majorana
end-mode-induced zero-energy oscillations also explain
the appearance of the zero-energy peak of LDOS and
the ZBCP of conductance in the bulk of wire in Fig. 2.
B. Vanishing chemical potential and short
coherence length
In this section, we investigate whether zero-energy
peaks in the bulk of the wire exist, in the case that the
coherence length is small. To get a system with a short
coherence length, the Fermi velocity should be small and
the induced SC gap should be large. Here, we choose
the hopping and induced SC gap in the nanowire to be
t = 9.6 meV and ∆ind = 0.15 meV. In addition, to fix
7the ratio between the magnetic fields at which the gap
closes and superconductivity destroys, we consider a zero-
chemical-potential case and choose V ∗Z = 0.8 meV. The
other parameters are adjusted accordingly (see the cap-
tion of Fig. 4) .
The LDOS for the barrier-nanowire structure with the
new choice of parameters are shown in the upper panels of
Fig. 4. If we compare Figs. 4(a) and 4(d), and Figs. 2(a)
and 2(d), we find that zero-energy peaks in the LDOS
at the wire ends (x = 0 or L) look exactly the same.
However, if we look at Figs. 4(b) and 4(c), there is no
evidence for zero-energy peaks in the bulk of the nanowire
(x = L/3 or 2L/3) which were found in Figs. 2(b) and
2(c). Thus, while the zero-energy peaks at the ends of
wire are independent of the choice of parameters, those
in the bulk of the wire are not.
We also show the corresponding tunneling conductance
in the lower panels of Fig. 4. By carefully examining the
conductance through the bulk of wire in Figs. 4(f) and
4(g), we can find a small signature of ZBCP whose value
is close to zero. This indicates that the zero-energy peak
could exist in the bulk of the wire, although it may not
be manifestly observable.
Now we turn to the LDOS profile of whole wire shown
in Fig. 5. Comparing Fig. 3 to Fig. 5, we note that the
zero-energy peaks at the wire ends are stronger in Fig. 5
(compared with Fig. 5) due to the more localized MZM
in Fig. 5. At the same time, the zero-energy peaks in the
bulk of wire decay very fast in Fig. 5. In particular, the
peaks are already invisible at x = L/3 or x = 2L/3 in
Fig. 5. This weak Majorana oscillatory behavior is due
to the short coherence length.
III. EFFECTIVE POTENTIAL MODEL
In the Grivnin et al. experiment42, the width of the
tunnel probe is of the same order of magnitude as the wire
length. It can be expected that the presence of metal-
lic leads will change the electric charge distribution in
the nanowire. Such a change of electrostatic potential
can give rise to Andreev bound states53. In order to
investigate the possible Andreev bound-state contribu-
tions to the local properties of nanowire with contacts,
we must study contact potential inhomogeneity inside the
nanowire introduced by the presence of the leads (which
was ignored in the model of Sec. II) . In this section, we
therefore consider a Majorana nanowire subject to con-
finement potential in four contact regions.
A schematic plot of the model in measuring tunneling
conductance is shown in Fig. 6 (to be contrasted with
the model shown in Fig. 1 used in Sec. II). A semicon-
ductor nanowire with spin-orbit coupling in proximity to
an s-wave superconductor is attached to four even-spaced
leads. The four parts of the nanowire in the contact re-
gions with width Lc are subjected to confinement poten-
tial Vc(x). We assume that the form of potential in one
of the contact regions does not depend on whether the
Figure 6. (Color online) Schematic for the system composed
of a lead and nanowire-superconductor structure, representing
the actual setup in Grivnin et al. experiment42. The nanowire
is subject to a confinement potential induced by the leads.
lead at this region is active or not. Note that there are
no long potential barriers in every interface between the
leads and the nanowire, which is one of the main differ-
ences from the contact barrier model discussed in Sec. II.
With an additional onsite confinement energy Vc(x),
the BdG Hamiltonian is Hˆ = 12
∫
dxΨˆ†(x)HNW Ψˆ(x),
where Ψˆ = (ψˆ↑, ψˆ↓, ψˆ
†
↓,−ψˆ†↑) are Nambu spinors and
H2 =
(
− ~
2
2m∗
∂2x − iαR∂xσy − µ+ Vc(x)
)
τz+VZσx+Σ(ω, VZ).
(9)
The smooth contact potential is chosen to be a well-like
form in the contact region and zero outside, i.e.,
Vc(x) ∼
{
0 x∈ contact-free region,
−Vc2 cos [2(x− xc)pi/Lc]− Vc2 x∈ contact region,
(10)
with Vc being the potential well depth, Lc being the
width of the contact regions, and xc being the center
of the corresponding contact regions.
We can also write down the Hamiltonian [Eq. (9)] in a
tight-binding form as
H ′2 =
∑
j
[
− tc†j+δxcj + (Vc(j)− µ+ 2t)c
†
jcj (11)
+ iα(c†j+δx σˆycj −H.c.) + VZc
†
j σˆxcj + Σ(ω, VZ)c
†
jcj
]
,
with the contact potential Vc(j) in a discretized form. In
the contact region, Vc(j) = −Vc2 cos [2(j − jc)pi/Nc]− Vc2 ,
with Nc = Lc/a and jc = xc/a; in the contact-free region,
Vc(j) = 0.
For this nanowire model with position-dependent con-
tact potential, instead of calculating the LDOS at a spe-
cific point in the wire defined on the atomic scale, we cal-
culate the average LDOS for every contact region. The
average LDOS for a contact region centered at jc is de-
8Figure 7. (Color online) Averaged local density of states for the four contact regions of the contact potential nanowire as a
function of energy and Zeeman field. For convenience, we label the contact region by one of the points inside the region (e.g.,
x = 0 is for the region centered at xc = Lc/2; x = L is for the region centered at xc = L− Lc/2). The parameters are chosen
as L = 2.5 µm, Lc = 0.25 µm, Vc = 0.65 meV, µ = 0 meV, ∆0 = 0.22 meV, λ = 0.47 meV, V
∗
Z = 0.8 meV, Vb = 10 meV,
η = 0.003 meV, Γ = 0.001 meV, a = 0.01 µm, t = 9.6 meV, and α = 0.25 meV.
Figure 8. (Color online) Spatial profiles of LDOS of the
nanowire at (a) VZ = 0.6 meV and (b) VZ = 0.7 meV in
the topological region (VZ > VZc). The dissipation is chosen
to be η = 0.001 meV, and other parameters are the same as
those of 2.
fined as
ρ(jc, ω) =
1
Nc
∑
|j−jc|≤Nc/2
ρ(j, ω), (12)
with the sum over all the sites in the contact region.
To calculate the tunneling conductance through one of
the four leads to the nanowire, we have to add a square
barrier with a height of Vb = 10 meV in the contact region
of the active lead. Different from the four long barriers
considered in the multibarrier model of Sec. II, the barrier
we consider here is very short (Lb = 0.02 µm). Note that
this barrier at the interface between the active lead and
nanowire is not needed in the calculation of LDOS.
For the results presented in this section, we use the
same set of parameter values as that in Sec. II B and
choose Vc = 0.65 meV and Lc = 0.25 µm for the contact
potential. We select this set of parameters because the
MBS tail for short coherence length is not our focus in
9this section.
The averaged LDOS in the four contact regions of the
nanowire subjected to the contact potential is shown
in the upper panels of Fig. 7. Figures 7(a) and 7(d)
show the averaged LDOS in the two contact regions near
the two ends of the nanowire, respectively. Above the
critical Zeeman field VZc = 0.47 meV, besides a zero-
energy peak, there is a pair of peaks at finite energy be-
low the gap. The two peaks come together at around
VZ = 0.6 meV and then split at a somewhat higher
Zeeman field, but they come together again at around
V ∗Z = 0.8 meV. Note that this pair of near-zero-energy
peaks is absent in Figs. 4(a) and 4(d). Thus, we ex-
pect that this pair of near-zero-energy peaks is associ-
ated with ABS induced by confinement potential. This
expectation is supported by the fact that the ABS peak
behavior changes with varying confinement potential. In
Figs. 7(b) and 7(c), we find a pair of near-zero-energy
peaks with the same behavior in the averaged LDOS in
the two contact regions near the middle of the nanowire
(x = L/3, 2L/3).
The calculated tunneling conductance through the
nanowire from probing leads at four different positions
in the four contact regions is shown in the lower pan-
els of Fig. 7. The tunneling conductance calculated with
the probing lead near two ends of nanowire [in Figs. 7(e)
and 7(h)] manifests zero-bias coherence peaks within the
topological regime with a height of 2e2/h. They are ro-
bust to contact potential and have higher values than
those of the ZBCP in Figs. 4(e) and 4(h). Meanwhile,
a pair of near-zero-bias conductance peaks appears in
the conductance when the probing lead is in the bulk
of nanowire (x = L/3, 2L/3). This pair of conductance
peaks arises from Andreev bound states at the energy
of the peaks shown in Figs. 7(b) and 7(c). These are
nontopological quasi-MZM peaks induced by the tunnel
probes themselves.
To further investigate the contact-potential-induced
Andreev bound state in the system, we turn to the spa-
tial profile of LDOS. The LDOS for the contact-potential
nanowire at fixed VZ = 0.6 meV and VZ = 0.7 meV is
shown in Fig. 8. At VZ = 0.6 meV [Fig. 8(a)], there
are six peaks below the energy at 0.02 meV. While four
of the peaks are at the wire ends, the other two near-
zero-energy peaks are in the bulk of the wire. Strictly
speaking, these two peaks are at x = L/3 and x = 2L/3,
the centers of the two contact regions. Thus, the posi-
tion of these two strong peaks in the LDOS confirm their
origin from the contact potential. Similarly, the origin of
the four peaks near the two wire ends can also be deter-
mined. We believe that two of them arise from ABS in
the contact regions, while the other two are from MBS.
To check this, in Fig. 8(b) we increase the Zeeman field to
VZ = 0.7 meV, resulting in four peaks in the four contact
regions going to higher energies and two peaks staying at
zero energy. This is consistent with the prediction that
the four contact regions along the wire host four ABS in
this contact potential model, showing the extent to which
the details of the probe matter.
IV. CONCLUSIONS
We have investigated the low-energy physics of a
semiconductor-superconductor hybrid structure coupled
to multiple tunnel probes along the length of the wire
using the numerical solution of a tight-binding model.
The proximity effects induced by the superconductor are
incorporated through a self-energy interface contribution
to the nanowire Green’s function, which allows us to ac-
count for both the induced superconducting pair poten-
tial and the proximity-induced low-energy renormaliza-
tion. The effect of the tunnel probes is considered at
two levels using two complementary models. First, we
simply couple the probes to the wire through a barrier
region modeled as a finite width potential plus a narrow
weak link. The second model takes into account the fact
that the very presence of the (metallic) contacts alters
the local electrostatic potential inside the wire. This ef-
fect is incorporated as a position-dependent electrostatic
potential. Which model is more appropriate for a spe-
cific experimental system depends on a lot of unknown
details, but it is likely that the experimental systems are
a combination of both.
We find that, generically, the presence of the tunnel
contacts perturbs the system locally and induces low-
energy Andreev bound states localized near the bulk con-
tacts. By contrast, the perturbation associated with the
end-of-wire contacts does not affect the emergence of Ma-
jorana zero modes in the topological SC regime. Further-
more, as expected, the emergence of the MZM-induced
ZBCPs at the opposite ends of the wire is correlated,
even when the local conditions are slightly different. We
find that the dominant features measured by the bulk
probes are generally associated with contact-induced
ABSs, rather than genuine bulk states. However, if the
contact-induced perturbation is weak enough, the in-
duced ABS crosses zero energy slightly above the TQPT,
producing a gap closing-and-reopening feature that mim-
ics the expected behavior of the bulk gap. Nonetheless,
the exact value of the ABS gap depends on the local
conditions and, in general, is expected to be different
for different bulk probes, in contrast with the expected
position-independent value of a genuine bulk topological
gap. In addition, for stronger contact-induced pertur-
bations the contact-induced ABS may cross zero energy
multiple times and produce ZBCP-like features in the
bulk. In this case, the correlation between the emer-
gence of the MZM-induced ZBCP at the ends and the
reopening of the quasiparticle gap in the bulk is lost.
Based on our analysis, we conclude that multiprobe
measurements represent a significant step forward as
compared to the “standard” end-of-wire tunneling mea-
surement. In fact, we strongly urge all nanowire exper-
imental groups to follow the lead of Ref. [42] and carry
out detailed multiprobe measurements in as many de-
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vices as possible. However, the experimental results have
to be interpreted cautiously, while making efforts to min-
imize the contact-induced perturbations. We emphasize
that creating a large barrier between the wire and the
leads (i.e., working in the extreme weak-coupling limit)
is not enough to ensure that contact-induced perturba-
tion is negligible, as it contains an electrostatic compo-
nent that is independent of the barrier strength. More
specifically, the very presence of a metallic lead can lo-
cally perturb the electrostatic environment. Note that
the typical scale associated with variations of the elec-
trostatic potential across the wire is ∼ 102 mV, while a
strong perturbation may involve local variations of the
order of 1 mV. To minimize these electrostatic effects we
propose two possible setups. The first suggestion is to
engineer extremely narrow bulk contacts. The rationale
behind this geometry is that, on the one hand, the lo-
cal variation of the electrostatic potential produced by
a narrow contact due to additional screening is weaker
and, on the other hand, short-range potential perturba-
tions are less likely to generate low-energy ABSs. The
second proposal is to cover the entire bulk of the proxim-
itized nanowire with 3–5 wide contacts separated by very
narrow gaps. In addition to ensuring a uniform electro-
static environment, this geometry addresses the issue of
tunneling into bulk states, which do not couple well to
local probes and, consequently, produce very weak signa-
tures (as compared with the bound states localized near
the contacts). In addition to addressing the engineering
problems, self-consistent 3D Schrodinger-Poisson calcu-
lations should be used as a theoretical tool for assessing
the feasibility of these proposals. We are optimistic that
future experiments along the line of Ref. [42] will lead to
definitive evidence supporting the existence of topological
MZMs in Majorana nanowires, even if the first measure-
ments are likely to be fraught with the invasive nature of
the tunnel probes producing bulk Andreev bound states.
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